Exposure to sounds during early development causes enlarged cortical representations of those sounds, leading to the commonly held view that the size of stimulus representations increases with stimulus exposure. However, representing stimuli based solely on their prevalence may be inefficient, because many frequent environmental sounds are behaviorally irrelevant. Here, we show that cortical plasticity depends not only on exposure time but also on the temporal modulation rate of the stimulus set. We examined cortical plasticity induced by early exposure to 7 kHz tone pips repeated at a slow (2 Hz), fast (15 Hz), or ethological (6 Hz) rate. Certain rat calls are modulated near 6 Hz. We found that spectral representation of 7 kHz increased only in the ethological-rate-reared animals, whereas improved entrainment of cortical neurons was seen in animals reared in the slow-and fast-rate condition. This temporal rate dependence of spectral plasticity may serve as a filtering mechanism to selectively enlarge representations of species-specific vocalizations. Furthermore, our results indicate that spectral and temporal plasticity can be separately engaged depending on the statistical properties of the input stimuli.
Introduction
Cortical sensory representations can be reorganized during early development and in adulthood (Diamond and Weinberger, 1986; Edeline et al., 1993; Recanzone et al., 1993; Bakin et al., 1996; Irvine and Rajan, 1996; Kilgard and Merzenich, 1998a; Bao et al., 2001; Zhang et al., 2001; Beitel et al., 2003; Polley et al., 2004 Polley et al., , 2006 Blake et al., 2006; Noreña et al., 2006; de Villers-Sidani et al., 2008; . Such cortical plasticity processes are believed to enlarge representations of behaviorally important stimuli, thereby optimizing the processing capacity for these stimuli. Consistent with such a view, behaviorally important sounds, such as species-specific vocalizations, are preferentially represented in the auditory cortex of many species (Rauschecker et al., 1995; Wang et al., 1995; Ohlemiller et al., 1996; Tian et al., 2001; Wang and Kadia, 2001) . Although cortical plasticity in adult animals is induced by behaviorally important sensory stimuli associated with activity in the neuromodulatory systems, plasticity in developing animals can be induced by passive sensory exposure (Zhang et al., 2001; Chang and Merzenich, 2003; de VillersSidani et al., 2007; de Villers-Sidani et al., 2008; . A potential problem with exposureinduced plasticity is that both behaviorally important and irrelevant stimuli are present in the sensory environment. In some environments, behaviorally irrelevant stimuli may even dominate the sensory input. Thus, representation of stimuli based solely on frequency of occurrence or acoustic power could be highly inefficient.
Natural animal vocalizations are often repeated in bouts (Liu et al., 2003; Schnupp et al., 2006) . The temporal repetition rate of vocalizations within these bouts is an important feature that may distinguish animal vocalizations from other environmental sounds. For instance, mouse vocalization calls are typically produced 5-10 times per second, whereas insect chirps may be repeated at much higher rates (Liu et al., 2003; Schnupp et al., 2006) . A plausible mechanism that could allow for selective representations of species-specific calls is temporal filtering of the sensory input so that only sounds modulated near an ethologically relevant modulation rates induce experience-dependent plasticity.
In the present study, we investigated how cortical plasticity depends on temporal repetition rate. We characterized rat calls and showed that they are typically repeated at 3-10 Hz. We then exposed rat pups to brief tones repeated at 2, 6, or 15 pips per second and subsequently examined spectral frequency and temporal rate representations. Our results indicate that exposure to tones repeated at an ethologically relevant rate, but not a slower or faster rate, enlarged cortical representations of the exposure frequency. Although spectral representation was not changed for animals reared in the faster or slower rate, temporal rate representation was improved.
Materials and Methods
Recording and analysis of animal vocalization. All procedures used in this study were approved by the University of California Berkeley Animal Care and Use Committee. To record rat pup isolation calls, individual rat pups were placed on a platform located in an anechoic chamber where the ambient temperature is maintained at 21.5°C. A 1/4 inch Bruel and Kjaer (B&K) model 4135 microphone was connected to a B&K 2669 preamplifier and B&K 2690 conditioning amplifier, and the output signal was digitized with a 16-bit analog-todigital converter (National Instrument) at 200 kHz. Adult encounter calls were recorded after an adult female rat was introduced to the home cage of a single adult male. Five postnatal 11 (P11), six P15 rat pups, and two adult pairs were used.
Visual examination of all recorded rat calls indicated that all pup calls were in the frequency range from 25 to 50 kHz, and all adult encounter calls were in the frequency range from 25 to 70 kHz (Brudzynski et al., 1999; Brudzynski and Pniak, 2002; Liu et al., 2003) . Thus, we bandpass filtered all calls to obtain signals in the ranges of 25-50 kHz for pup calls or 25-75 kHz for adult calls, for further automatic identification of the calls based on their amplitude envelopes. The start of a call was defined as an upward crossing of a threshold of six SDs above the mean amplitude of a no-call period, and the end occurred when the amplitude envelope was below the threshold for at least 40 ms. Calls Ͻ5 ms (or 10 ms) long were automatically excluded for the pups (or adults). Call-onset asynchrony (COA) was defined as the time between the start of two consecutive calls.
Acoustic rearing of young rat pups. Four groups (ethological, slow, fast, and mixed) of Sprague Dawley rat pups were placed with their mothers in anechoic sound-attenuation chambers from P8 to P30. This time range covers the critical period for spectral plasticity in auditory cortex (AI) and has been used previously (Zhang et al., 2001; de Villers-Sidani et al., 2007; Han et al., 2007) . The ethological, fast, and slow rat pups experienced tone pips (7.071 kHz, 60 dB SPL, 25 ms) presented at one of three repetition rates 24 h a day. The ethological and fast groups heard trains of six tone pips presented at the rate of 6 and 15 Hz, respectively, with one train every 1.5 s (see Fig.  1 D) . A pair of tone pips were played to the slow group every 1.5 s, with 0.5 s onset asynchrony between the tone pips. To ensure that the slow group receives the same amount of acoustic energy as the other groups, the duration of the tone pips was set at 75 ms (see Fig. 1 D) . The mix litter was exposed to trains of 15 kHz tone pips (60 dB SPL, 25 ms) presented at the ethological rate (6 Hz) and trains of 5 kHz tone pips (60 dB SPL, 25 ms) presented at the fast rate (15 Hz). The respective trains were presented once every 3 s and interleaved so they never overlapped (see Fig. 3A ). After sound exposure, rats were moved to a regular animal room environment until they were mapped (typically 4 -20 d after the end of rearing). A control litter was reared in a regular animal room environment.
Electrophysiological-recording procedure. The primary AI of soundreared and control rats were mapped at comparable ages from P34 to P52. Care was taken to ensure that animals in different groups were recorded at comparable ages (control, 47.9 Ϯ 18.4 d; ethological, 39.8 Ϯ 6.3; fast, 39 .2 Ϯ 6; slow, 37 Ϯ 2.2). Rats were preanesthetized with buprenorphine (0.05 mg/kg, s.c.) a half hour before they were anesthetized with sodium pentobarbital (50 mg/kg, followed by 10 -20 mg/kg supplements as needed). Atropine sulfate (0.1 mg/kg) and dexamethasone (1 mg/kg) were administered once every 6 h. The head was secured in a custom head-holder that left the ears unobstructed, and the cisterna magna was drained of CSF. The right auditory cortex was exposed through a craniotomy and duratomy and was kept under a layer of silicone oil to prevent desiccation. Sound stimuli were delivered to the left ear through a custom-made speaker that had been calibrated to have Ͻ3% harmonic distortion and flat output in the entire frequency range.
Cortical responses were recorded with tungsten microelectrodes (FHC). Recording sites were chosen to evenly and densely sample the primary auditory cortex while avoiding surface blood vessels and were marked on an amplified digital image of the cortex. Microelectrodes were lowered orthogonally into the cortex to a depth of 450 -600 m where responses to noise bursts could be found. Multiunit responses to 25 ms tone pips of 51 frequencies (1-32 kHz, 0.1 octave spacing, 5 ms cosine-squared ramps) and eight sound pressure levels (0 -70 dB SPL, 10-dB steps) were recorded to reconstruct the frequency-intensity receptive field. In two control animals, 12 additional frequencies (32-74 kHz, 0.1 octave spacing) were included to quantify representations of high ultrasonic frequencies up to 74 kHz.
Responses to trains of tone pips and noise bursts were recorded in two additional rats per group using 4 ϫ 4 silicon polytrodes, with ϳ1 m⍀ impedance (NeuroNexus Technologies; N2T). After finding AI by coarse mapping with tungsten microelectrodes, a polytrode was lowered into cortex. Six noise bursts or pure tone pips were presented in trains at six different presentation rates (3, 6, 9, 12, 15, 18 Hz) . The noise bursts and tone pips were 25 ms long (with 5 ms cosine-squared ramps) and presented at a sound pressure level of 50 dB. Each carrierrate combination was repeated 10 times and presented in a pseudorandomized order. One train was presented once every 3 s.
Data analysis. The characteristic frequency (CF) was defined as the frequency at which responses are evoked at threshold: the lowest sound pressure level that activate the neuron. The bandwidth at 30 dB above threshold (BW30) measures the width of the receptive field (in octaves). The CF, threshold, and BW30 for each penetration site were determined visually. AI was functionally defined by well tuned neurons and fine tonotopic gradient with increasing CFs going rostrodorsally. Penetrations that were not in AI were removed leaving a total of 1590 AI recording sites (389 from control, 368 from ethological, 343 from fast, 157 from slow, 194 from mix, and 139 from ultrasonic recordings). Cortical area representing a specific frequency was measured using voronoi tessellation (Matlab; Mathworks).
Repetition rate transfer functions (RRTFs), normalized responses as functions of presentation rates, were calculated as follows. First, only trials in which the response to the first noise burst (or pure tone) was greater than two SDs above mean spontaneous spike rate were included. The normalized response was calculated by taking the average response of the last 5 sound presentations (response being the number of spikes triggered 7-40 ms after onset of the noise/tone) and dividing it by the response to the first sound. A normalized response greater than one indicates that the unit responded better to subsequent sounds than to single noise pulse/tone pip. All reported statistics are two-tailed t tests unless indicated otherwise.
Results

Repetition rate of rat vocalizations
The repetition rate of rat vocalizations were measured by recording pup isolation calls and adult encounter calls. A total of 1610, 1210, and 1063 calls were extracted for adults, P15s and P11s, respectively. A bout was defined as a series of successive calls with COAs Ͻ1 s. Only calls that were produced in bouts were included for further analysis, resulting in 1410 (88%), 724 (60%), and 819 (77%) calls over 295, 197, and 209 bouts. An analysis of pup isolation and adult encounter vocalizations revealed that calls within bouts are typically repeated at 3-10 Hz (Fig. 1) . The repetition rate of adult calls is faster than that of the pup calls ( Fig. 1 A, B) . The COA distribution of the P15 group showed a very clear peak (240 ms, ϳ4.2 Hz), as the isolation calls from P15 pups were very stereotypical and repeated regularly. The repetitions were less regular for the P11 and the adult calls, resulting in the larger spreads. The COA distribution of the P11 group has a peak at 270 ms, corresponding to ϳ3.7 Hz, whereas that of adults has a peak at 160 ms, corresponding to 6.3 Hz.
Effect of presentation rate on spectral plasticity
To investigate the impact of repetition rates on cortical plasticity, we exposed three groups of rat pups to trains of 7 kHz tone pips, with tone trains presented once every 1.5 s. Within each train, tone pips were repeated at a rate of 2 Hz for the slow group, 6 Hz for the ethological group, and 15 Hz for the fast group. The slow and fast rates are below and above the range of the ethological repetition rates of rat vocalizations (Fig. 1 B) . The duration of the tone pips was increased for the slow group so that the total acoustic energy of tone pips experienced by the animals was the same for all three groups (Fig. 1C) .
Previous studies have shown that exposure to a tone increases cortical representations of that tone (Zhang et al., 2001; de Villers-Sidani et al., 2007; Han et al., 2007) . In this study, we mapped the auditory cortex of several animals for each group (control, n ϭ 10; ethological, n ϭ 6; fast, n ϭ 6; slow, n ϭ 4) and found enlarged representations of the exposure frequency in animals reared with the ethological rate but not with the slow or fast rate (Fig. 2) . A four-conditions by nine-frequencies ANOVA showed no differences across condition ( p ϭ 0.95) and a significant interaction ( p Ͻ 0.04). One-way ANOVAs across the frequency bins showed significant differences between conditions only in the 7 kHz ( p Ͻ 0.037) and 12 kHz bins ( p Ͻ 0.041). Animals reared in the ethological rate (6 Hz) showed a significant increase in the cortical area representing 7 kHz (Ϯ0.2 octaves) when compared with the naive control, slow and fast groups ( p Ͻ 0.013, 0.041, 0.001, respectively, one-tailed t test). Animals reared with the ethological rate showed smaller representations of 12 kHz tone when compared with the control ( p Ͻ 0.034) and fast ( p Ͻ 0.018) groups (Fig. 2C ).
An additional group of rat pups were exposed to two different carrier frequencies presented at two different rates: trains of 15 kHz tone pips were presented at the ethological rate (6 Hz) and trains of 5 kHz tone pips were presented at the fast rate (15 Hz). The respective trains were presented once every 3 s and were interleaved so that one train was played every 1.5 s (Fig. 3A) . A comparison with the naive control animals showed an increase in representation of 15 kHz ( p Ͻ 0.05) and a decrease in the representation of the neighboring 20 kHz ( p Ͻ 0.001). No changes were observed around the representation of 5 kHz ( p ϭ 0.58) (Fig. 3B) . These results confirm our finding that sounds that are repeated at an ethological rate are over-represented.
The average threshold, response latency, BW30, and recording depth are shown in Table 1 . One-way ANOVAs comparing across the five groups showed no significant differences for threshold ( p Ͼ 0.2), latency ( p Ͼ 0.05), BW30 ( p Ͼ 0.2), or recording depth ( p Ͼ 0.5).
Over-representation of rat vocalization frequencies
The above results suggest that the representation of the frequency range of ultrasonic rat vocalizations should also be enlarged, because rat calls are mostly repeated at ethological rates. The ultrasonic (up to 74 kHz) region of the AI was mapped in two naive virgin female rats. Both animals showed large representation of ultrasonic frequencies (Fig. 4C) . To facilitate statistical analysis, penetrations were separated into five one-octave-sized frequency bins (lowest bin covering 1.56 -3.13 kHz and the highest bin covering 25-50 kHz, frequencies Ͼ50 kHz were not included, leaving 106 penetrations). A 2 test showed that the representation of frequencies from 25 to 50 kHz was significantly greater than those of the other frequency ranges ( p Ͻ 0.001) (Fig. 4Ciii) .
Temporal response plasticity
Plasticity in temporal response properties was tested in cortical neurons by measuring their responses to trains of tone pips presented at various rates. Only units that responded reliably to 7 kHz pure tones (see Materials and Methods) were included for the analysis (control, n ϭ 26; ethological, n ϭ 28; fast, n ϭ 37; slow, n ϭ 42). The 7 kHz-tone-derived RRTF of the control and ethological groups overlapped (Fig. 4 A) . A group by rate ANOVA showed significant main effects for group ( p Ͻ 0.001) and rate ( p Ͻ 0.0001) and a significant interaction ( p Ͻ 0.00001). Post hoc t tests revealed that the normalized response at the 12 Hz repetition rate was significantly larger for the fast group when compared with all the other groups ( p Ͻ 0.05). In addition, the slow group had greater normalized responses at the repetition rate of 6 Hz when compared with all the other groups ( p Ͻ 0.001). Although neurons in the fast group showed slightly better following responses than the control groups at the repetition rate of 15 Hz, the rearing rate, the difference was not significant ( p Ͼ 0.2). The slow group also showed slightly enhanced following responses at 3 Hz, but it was not different from that of the ethological group ( p Ͼ 0.05).
Of the 133 units analyzed above, 116 were responsive to noise bursts (control, n ϭ 24; slow, n ϭ 25; fast, n ϭ 31; slow, n ϭ 36). A one-way ANOVA revealed significant differences between groups at the repetition rates of 9 Hz ( p ϭ 0.0002) and 18 Hz ( p Ͻ 0.01) (Fig. 4 B) . Post hoc t tests showed that the fast group did not entrain to noise burst as well as the control or slow groups at the repetition rate of 9 Hz ( p Ͻ 0.002 for both) and that the slow group did not entrain at 18 Hz as well as the other groups ( p Ͻ 0.02, for all). However, we did not Figure 3 . Over-representation of sounds repeated at the ethological rates. A, A schematic of "mix-rate" rearing stimuli. A train of 15 kHz tone consisted of six tone pips presented at the ethological rate (6 Hz), and a train of 5 kHz tone consisted of six tone pips presented at the fast rate (15 Hz). Trains of the two repetition rates were interleaved such that one train was heard every 1.5 s. B, CF map reorganization resulted from the mixed-rate rearing. Bi, Example maps of control and mixed-rate animals. Control animal is the same as seen in Figure 2 A. Area represented 5 kHz Ϯ0.2 octaves are outlined in gray, whereas area representing 15 kHz Ϯ0.2 octaves are outlined in black. Bii, Distributions of CFs along the tonotopic axis. Biii, Sizes of cortical areas representing different frequency bands. There was a significant increase in representation at 15 kHz and a significant decrease at 20 kHz. Error bars indicate SEM. *p Ͻ 0.05, **p Ͻ 0.001. C, Cortical representation of ultrasonic frequencies. Ci, An example CF map from a control animal mapped up to 74 kHz. Areas representing 25-50 kHz are outlined in blue, whereas areas representing 3.13-6.25 kHz are outlined in black. Cii, Distribution of CFs along the tonotopic axis. Ciii, Sizes of cortical areas representing one-octave frequency bands. The representation of the 25-50 kHz band was significantly larger than those of the other bands.
observe enhanced responses to noise bursts repeated at 12 Hz in the fast group or at 6 Hz in the slow group (Fig. 4 B) .
We also examined cortical responses to repeated tones of various carrier frequencies (4.5, 5.6, 8.9, 11.2, 14.1, or 17.8 kHz) in the control, ethological, fast, and slow groups (n ϭ 21, 23, 32, and 40, respectively). The carrier frequencies were chosen to reliably activate the units, and only units used in the 7 kHz analysis were included. One-way ANOVAs across the different repetition rates showed significant differences only for the 15 and 18 Hz ( p Ͻ 0.01, for both) (Fig. 4C) . At the repetition rate of 15 Hz, the fast group did not entrain to tone pips as well as the control or ethological group ( p Ͻ 0.02, for both); while in at the repetition rate of 18 Hz, the slow group showed lower normalized responses compared with all other groups ( p Ͻ 0.04, for all). Thus, the enhanced responses to sounds repeated at 12 Hz in the fast group and enhanced response to sounds repeated at 6 Hz in the slow group were specific to the 7 kHz carrier frequency of the exposure tone.
Discussion
In the present study, we tested the hypothesis that temporal repetition rates influence how sound experiences shape cortical representations of the sound. All animals in the fast, slow, and ethological groups of animals were exposed to a 7 kHz tone of the same total acoustic energy, and yet the sensory experiences had completely different effects: a 40% increase in 7 kHz representations for the ethological group but not for the fast or the slow group. Furthermore, exposing developing animals to two tones (5 and 15 kHz) presented at two different rates (fast and ethological, respectively) lead to the overrepresentation of only the tone presented at the ethological rate. These results indicate that temporal repetition rates of sensory stimuli have a strong impact on experience-dependent plasticity. Earlier studies of sound exposure-induced cortical plasticity mostly used repetition rates similar to our ethological rate, and robust increases in representations of the exposed stimulus were observed (Zhang et al., 2001; Han et al., 2007) . In contrast, reduced representations were observed for stimuli that are constantly present in the environment without temporal modulation (de Villers-Sidani et al., 2008; . Here, we show that exposure to tone pips that are repeated at 2 or 15 Hz does not result in greater representations of the tone. Such a temporal filtering mechanism would enlarge representations of stimuli that are repeated/modulated near the ethological rates of species-specific vocalization but not other potentially irrelevant stimuli that are modulated at other rates.
Repetition rates of the rat calls have considerable variability. However, the majority of calls were repeated at rates from 3 to 10 Hz (Fig. 1) . Less than 1% of the calls had repetition rate higher than 15 Hz, whereas 26% had repetition rate Ͻ2 Hz. Thus, a large number of rat calls could pass through the presumptive temporal filter and shape cortical acoustic representations. The COAs that were Ͼ0.5 s (Ͻ 2 Hz) were mostly between two calls in different bouts. The enlarged representation of the frequency range of the rat vocalizations is consistent with the notion of a temporal filter for selective representation of sounds repeated at ethological rates. However, it could also be attributable to other experience-independent mechanisms.
The neural mechanisms of the temporal filter in cortical plasticity are unknown. It is well known that cortical neurons respond differently to sound repeated at different rates. For instance, cortical neurons in anesthetized rats do not respond well to sounds repeated Ͼ10 times per second (Kilgard and Merzenich, 1998b) , whereas auditory thalamic neurons are capable to respond at much faster rates (Wehr and Zador, 2005) . In the awake preparation, multiunit clusters have been shown on average to synchronize to clicks repeated at 72 Hz, but normalized responses still show a decrease beyond 10 Hz (Anderson et al., 2006) . Such temporal response properties may contribute to the lack of spectral plasticity in the fast group. However, such cortical temporal response properties cannot account for the lack of spectral plasticity in the slow group, because cortical neurons respond well to slow-rate sounds.
Although exposure to fast-rate tone pips did not enlarge representations of the tone, it did improve entrainment of responses to quickly repeating tone pips in neurons of the fast group. Similarly, exposure to slow-rate tone pips enhanced cortical responses to slowly repeating tone pips. In previous studies, temporal plasticity was induced either with noise bursts (Kilgard et al., 2001; Chang and Merzenich, 2003; Bao et al., 2004; de Villers-Sidani et al., 2008; or tone pips of several carrier frequencies (Kilgard et al., 2001) . Tone pips of a single frequency were previously found ineffective in inducing temporal plasticity (Kilgard et al., 2001) . We show here that temporal plasticity can be induced with a single-frequency tone and can be specific to the tonal stimulus. The discrepancy between the earlier and the present results may be related to differences in the experimental methods. The earlier study used stimulation of Nucleus Basalis to induce plasticity in adult animals, whereas we simply exposed young animals to the sound stimuli. Furthermore, we restricted our analysis only to neurons that responded reliably to the exposure tone, which might be necessary to reveal frequency-specific plasticity effects. These results are consistent with earlier findings of enhanced entrainment of cortical responses in mother rats to trains that are spectrally and temporally similar to pup calls (Liu et al., 2006) . Our results suggest that both spectral and temporal information of specific stimuli can be represented in the same population of neurons. They also indicate that spectral and temporal plasticity can be separately engaged depending on the characteristics of input stimuli, such as the temporal modulation rate.
It has long been hypothesized that efficient representations of sensory stimuli depends on the stimulus statistics (Barlow, 1961; Lewicki, 2002; Singh and Theunissen, 2003) and that the learning and plasticity processes that shape sensory representations must be sensitive to the statistics of the sensory input (Kilgard et al., 2001; Maye et al., 2002; Toro and Trobaló n, 2005) . Our results support this hypothesis by showing that cortical circuits are sensitive to temporal rates and may use this feature to selectively represent sounds that are likely to be behaviorally relevant.
